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Abstract 
Fruit development and ripening is a complicate process. Although much progress has been made on the ripenig 
process, the molecular mechamism of fruit development is not yet clear. In this study, we used ‘Sweet Charlie’ strawberry 
as test materials, based on cloning the strawberries ASR homologous gene, we carried out the bioinformatics and temporal 
expression analysis of FaASR, by manipulating ASR gene expression level in strawberry fruit, we tested the changes of 
physiological indicators, including sugar, ABA, pigments content, and fruit firmness, as well as phenotypic changes. In 
addition, we measured the expression changes of some anthocyanin-related gene, such as CHS and UFGT, by which we 
revealed the regulation mechanisms of ASR gene over strawberry fruit ripening. Strawberry ASR contained a typical 
domain of ABA/WDS that was related to fruit ripening and stress-resistance, and ASR gene over-expression could 
promote strawberry fruit coloring, endogenous ABA and sucrose accumulation, fruit softening, and induced the 
transcription levels of anthocyanin-related genes CHS and UFGT. The present study will further reveal the molecular 
mechanisms of information transmission in fruit development, and will also play an important foundation for future 
molecular improvement of strawberries breeding.  
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1. Introduction 
ASR is a kind of protein which induced by many 
physiological factors and hormone regulation like ABA, 
drought, high salt concentration, low temperature, low intensity 
of light, etc. (Rodrigo and Norbeto, 2015). Iusem (1993), first 
time identified the ASR protein from tomato (Solanum 
lycopersicum), subsequently, other ASR members were also 
found in tomato (Frankel et al., 2006). Recently, many 
homologous sequences of ASR protein have been cloned from 
many plant species. ASR existed widely in monocotyledon, 
dicotyledon, herbaceous and woody plants, e.g., in the pine  
 
(Pinus taeda) and corn (Zea mays) there are 4 and 9 members, 
respectively (Chang et al., 1996; Pérez-Díaz et al., 2014). 
ASR is associated with plant resistance, such as transgenic 
tobacco of tomato ASR1 gene has higher water retention and 
salt tolerance, while over-expressing of ASR1 not only reduced 
Na+ and proline accumulation under salt stress, but also 
resulted in the increase of other genes products under abiotic 
stresses (Kalifa et al., 2004). ABA regulates plant growth and 
response to stresses. ABA sensitivity in Arabidopsis seeds was 
reduced that transgene of lily ASR gene, but it still germinated 
under the adverse conditions of both water and salt stress, 
indicating that the lily ASR gene in Arabidopsis could mediate  
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ABA signals to respond against stress, and made the plants 
resistant against drought and salt (Yang et al., 2005). These 
reports indicated that ASR gene could be involved in the ABA 
signaling pathway, which enables plants to respond against the 
external stresses (Hu et al., 2014; Miao et al., 2014). 
In addition, ASR was also associated with fruit 
development (Wheeler et al., 2009; Zhang et al., 2015). ABA 
signaling pathway, which enables plants to respond against the 
external stresses (Hu et al., 2014; Miao et al., 2014). ABA and 
sugar are two important factors and play crucial roles in 
initiation of grape fruit ripening. Ranging from the core- 
hardening to mature stage, ABA level increased in parallel with 
the sugar accumulation in grape. Cakir (2003) proposed that the 
transcription level of ASR gene was observed higher during fruit 
setting period and pre-coloring stage in grapes; whereas 
decreased during the color-changed period, but in the later 
stages, an increase was observed in consistent roughly with the 
trend of ABA and sugar accumulation. Similarly, the expression 
level of ASR1 in tomato increased continuously with the 
development of fruit (Frankel et al., 2006). Yeast one hybrid 
assay showed that grape ASR could combine with two sugar 
responsive elements of the promoter region on the 
monosaccharide transporter gene (VvHT1) to control grape 
monosaccharide transporter expression levels. Both two sugar 
responsive elements and ASR genes in grape can be all induced 
by sucrose, and this induction can be enhanced by ABA (Cakir 
et al., 2003), indicating that the ASR gene is related to the sugar 
signaling pathway in fruit. While the transcription level of ASR 
gene in potato decreased, glucose content in plasma membrane 
hexose transport protein and parenchymatous cell decreased 
concomitantly, glucose accumulation was consistent with the 
ASR gene transcription level (Frankel et al., 2007). Importantly, 
ASR in reproductive and vegetative tissues of grape and tomato, 
regulate the transcription level of genes related to sugar and 
abiotic stresses (Itai et al., 2000; Frankel et al., 2007). For 
example, ASR can combine with coupling element 1 (CE1) of 
ABI4 gene promoter region to regulate the expression of ABI4 
gene which is downstream of ABA signal transduction pathway 
(Itai et al., 2000). The ASR in grape also combine with the sugar 
responsive element (Cakir et al., 2003). These findings indicated 
that ASR protein used as common component of sugar and ABA 
signal transduction pathways to regulate downstream genes 
expression. 
The strawberry is typical non-climacteric fruit, possesses 
relative smaller genome size, which makes it easy for genetic 
transformation, and has become an ideal material to study 
molecular biology of fruit trees (Qin et al., 2007). Particularly, 
the establishment of gene transient expression system in 
strawberry provides the possibility for rapid identification of 
gene functions (Hoffmann et al., 2006). Based on these 
discoveries, it is possible that ASR gene expression regulation is 
achieved through gene transient regulation system in strawberry 
fruit, investigate the effect of ASR on sugar, ABA and ripening 
related genes expression, and further reveal the ripening 
mechanism of strawberry fruit. 
2. Materials and methods 
2.1. Plant material  
The present study was performed in the Jiangpu Research 
Station, Nanjing Agricultural University. Octaploid strawberry 
(Fragaria × ananassa ‘Sweet Charlie’) plants were grown under 
the greenhouse standerd conditions (20–25 ℃, RH 70%–85%, 
light/dark 14 h/10 h) during spring seasons of 2014 to 2015. 
Three hundred flowers of 40 strawberry plants were tagged 
during anthesis. Fruits were collected at 7 (small green), 14 
(large green), 18 (degreening), 21 (white), 23 (initial red), 25 
(partial red), and 28 (full red) days after anthesis, respectively as 
reported by Fait et al. (2008). Nine uniformly sized fruits were 
sampled at every stage (three biological replicates for each 
sample). After removing the achenes (seeds), the receptacle 
(pulp) was cut into 0.5 to 0.8 cm3 cubes and stored at–80 ℃, 
after being snap frozen in liquid nitrogen. 
2.2. Total RNA extraction and first strand cDNA 
synthesis 
Total RNA was isolated using RNA Extraction Kit (SV 
Total RNA Isolation System; Promega, Madison, WI) from 10 g 
of fresh fruit. Genomic DNA was removed through 15 min 
incubation at 37 ℃  with RNase-free DNase (BioTeke 
Corporation, Beijing, China). RNA-Clean Purification Kit was 
used to purify sample RNA (BioTeke Corporation, Beijing, 
China). The total RNA was used as template, using the kit of 
Clontech SMARTTM Library (Clontech, Japan) to synthesize the 
first strand to amplify ASR gene. 
2.3. Gene cloning 
ASR gene of strawberry was searched in strawberry 
genome database (https://strawberry.plantandfood.co.nz/index. 
html),  and the accession number is Gene 08120. Based on the 
accession number, primer of full-length of ASR gene were 
designed, forward: 5′-TCTAGAATGTCTGACGAGAAGCAC 
CACCAC-3′, reverse: 5′-GAGCTCGAAGAGATGATGGTG 
CTTC-3′, and the enzyme cleavage site were underlined to 
connected conveniently to the plant binary expression vector 
pBI121. PCR was performed under the following conditions: 
94 ℃ for 5 min, followed by 35 cycles at 94 ℃ for 30 s, 55 ℃ 
for 30 s, and 72 ℃ for 1 min, followed by a final incubation at 
72 ℃ for 10 min. The PCR products were ligated into a 
pMD19-T vector and subsequently transformed into Escherichia  
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coli DH5α. The PCR products were sequenced in Sangon 
Company (Shanghai, China). 
2.4. qRT-PCR 
The primers were designed using software Primer 5. The 
primers are as follows: FaASR forward: 5′-CGAGACCTCC 
ACTGAAACT-3′; and reverse: 5′-TACCTTGTGCTTGTGTG 
C-3′. FaCHS (XM_004306495) forward: 5′-GCTGTCAAGGC 
CATTAAGGA-3′; and reverse: 5′-GAGCAAACAACGAGA 
ACACG-3′. FaUFGT (AY575056) forward: 5′-GGTAAGCCA 
CAGGAGGACA-3′; and reverse: 5′-TATGAGCACCGAACC 
AAAA-3′. FaACTIN (AB116565.1) forward: 5′-TGGGTTTG 
CTGGAGATGAT-3′; and reverse: 5′-CAGTTAGGAGAACTG 
GGTGC-3′. 
FaACTIN gene was used as the internal control gene, the 
quantitative real-time PCR (qRT-PCR) were performed 
according to the manufacturer’s protocols (TaKaRa, 
Biotechnology (Dalian) Co., Ltd ) to detect the relative genes 
expression levels. The cDNA was diluted into five 
concentrations of (1, 10-1, 10-2, 10-3, 10-4) to perform 
qRT-PCR, and draw the relative standard curve. qRT-PCR 
mixture (20 μL) contained 10 μL of SYBR Premix ExTaq 
(perfect real-time buffer contained dNTPs, MgCl2, and DNA 
polymerase; TaKaRa, Japan), 0.4 μL 10 μmol · L-1 forward 
specific primer, 0.4 μL 10 μmol · L-1 reverse specific primer 
(Sangon, Shanghai, China), and 2 μL cDNA template. The 
mixture was placed in a Bio-Rad iQ5 Sequence Detector 
(Bio-Rad, Hercules, CA, USA), and DNA amplification was 
conducted using the following thermocycling programme: 1 
cycle of 94 ℃ for 2 min, and 40 cycles of template denaturation 
at 94 ℃ for 20 s, primer annealing at 55 ℃ for 30 s, and 
primer extension at 72 ℃ for 30 s, and 71 cycles increasing 
from 60 ℃ to 95 ℃ at 0.5 ℃ per cycle for 30 s. The sequence 
detector was programmed to measure fluorescence only during 
the annealing step. At this temperature, no incorporated 
uniprimer was in the hairpin conformation contributing to 
fluorescence measurements. The experiment was arranged in a 
completely randomized design. Each sample time point for each 
treatment was comprised of three independent replicates. 
2.5. Agrobacterium infiltration 
The vector of ASR gene over-expression was constructed 
followed by Hoffmann et al. (2006). pBI121 or the pBI121 
derivative pBI121-FaASR was transformed into Agrobacterium 
strain GV3101 by the freeze–thaw method (Jia et al., 2011). 
Five mL culture of each strain was grown overnight at 28 ℃  
in Luria-Bertani (LB) medium (50 mg · mL-1 kanamycin and  
50 mg · mL-1 rifampicin, 10 mmol · L-1 MES, 20 µmol · L-1 
acetosyringone). The overnight cultures were inoculated into 50 
mL of LB medium and grown at 28 ℃ overnight. The cells 
were harvested by centrifugation (5 000 r · min-1, 5 min, 20 ℃), 
resuspended in infiltration buffer (10 mmol · L-1 MgCl2, 10 
mmol · L-1 MES, 20 µmol · L-1 acetosyringone), adjusted to an 
optical density (OD600) of 0.8–1.0, and left to stand at room 
temperature for 4 h. About 1 mL of Agrobacterium was 
infiltrated into every large green stage of strawberry fruit (13 
days after flowering) with a 1 mL syringe. Ten uniformly sized 
fruit were used in infiltration experiment, and the experiment 
was repeated three times.  
3. Results 
3.1. ASR gene cloning and protein blast in strawberry 
fruit 
According to the grape ASR protein sequence (GenBank: 
AF281656), the strawberry ASR protein was searched using 
strawberry gene library (https: //strawberry.plantandfood.co.nz/ 
index. html), and found that the protein sequence produced by 
strawberry gene 08120 was similar to the ASR protein in grapes, 
named as FaASR. By using the specific primers of strawberry 
ASR gene, the mRNA sequence of ASR protein was amplified 
from ‘Sweet Charlie’, and the length of the open reading frame 
was 579 bp (Fig. 1).  
          
Fig. 1  The amplified full-length of FaASR gene  
M: DL 2000 marker. 
 
Strawberry ASR gene encoding a protein containing 192 
amino acids. Using the online of MUSCLE software, strawberry 
ASR protein aligned with ASR protein in apple (Malus × domestica, 
XM_008383612), apricot (Prunus armeniaca, U93164), four 
tomato (Lycopersicon esculentum, NM_001247208, AY217012, 
NM_001309371, NM_001282319) and grape (Vitis vinifera, 
AF281656), and found that ASR protein is highly conserved in 
species and has two highly conserved regions: a smaller one is 
N-terminal contains 18–20 amino acid residues which has 6 
typical histidine in the 8 amino acid sequences; another bigger 
one is C-terminal region (at least 80 amino acids). ASR protein 
is related to fruit ripening and stress resistance. The function of 
strawberry ASR protein was analyzed using the website 
http://blocks.fhcrc.org, we found ASR contained ABA/WDS 
regions, which was related to ABA stress response, fruit ripening 
and drought resistance. In addition, 3′ end of ASR protein contains a 
nuclear localization signal (Fig. 2). 
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Fig. 2  Sequence alignment of and ASR proteins using MUSCLE software  
Le: Lycopersicon esculentum; Pa: Prunus armeniaca; Fa: Fragaria × ananassa; Vv: Vitis vinifera; Md: Malus × domestica.  
 
3.2. Construction of strawberry ASR phylogenetic tree 
By using MEGA5 software, the strawberry ASR protein 
sequence was analyzed to construct the phylogenetic tree  
(Fig. 3) with the ASR protein of pomelo (Citrus maxima, 
U18972), rice (Oryza sativa, KF916487), corn (Zea mays, 
EU963502), soybean (Glycine max, AY382827), peach (Prunus 
persica, AF317062), ginkgo (Ginkgo biloba, AAR23420), lily 
(Lilium longiflorum, EU652722), apple (Malus × domestica, 
XM_008383612), apricot (Prunus armeniaca, U93164), tomato 
(Lycopersicon esculentum, NM_001247208, AY217012, 
NM_001309371, NM_001282319), and grape (Vitis vinifera, 
AF281656). 
The phylogenetic tree indicated that strawberry ASR 
present in the same small branch of the phylogenetic tree with 
four tomato ASR and one corn ASR, in the big branch with 
apple and grape indicated that there are very close genetic 
relationships among species. However, distinct genetic relation- 
ship from pomelo, rice, ginkgo, peach, lily, apricot and soybean 
was observed (Fig. 3). 
The similarity between strawberry and apple ASR protein 
sequence was recorded the highest that up to 75%, followed by 
tomato ASR1 (72.5%), ASR2 (73.9%), ASR3 (68.5%), and 
ASR4 was very low with 53.7%, whereas the similarity of 
strawberry ASR, and between grape and apricot was 63.7% and 
62.2%, respectively (Table 1). 
3.3. Expression patterns analysis of strawberry ASR 
gene 
FaASR was found in all tissues of strawberry, and expression 
was measured higher in flower and fruit, though relatively lower 
in roots, steam and leaf (Fig. 4). Overall, expression levels of 
FaASR increased gradually with the fruit development, increased 
slowly from small green to degreening (7–18 days after anthesis); 
increased obviously from white to initial red (21–23 days after 
anthesis); increased quickly from partial red to full red (25–28 
days after anthesis) (Fig. 4). The direct relationship between the 
expression of FaASR and fruit size and color changes indicates 
that ASR can positively regulate fruit ripening process. 
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Fig. 3  Phylogenic tree of ASRs using MEGA software 
 
                                   Table 1  Comparison of identified sequences of ASRs at amino acid level                               % 
Gene name FaASR MdASR PaASR LeASR1 LeASR2 LeASR3 LeASR4 
MdASR 75.0       
PaASR 62.2 84.3      
LeASR1 72.5 77.6 72.2     
LeASR2 73.9 73.4 70.0 81.8    
LeASR3 68.5 68.9 64.5 74.8 84.3   
LeASR4 53.7 68.5 54.0 74.5 76.1 73.1  
VvASR 63.7 76.4 67.6 75.2 73.0 66.7 59.7 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4  Strawberry ASR gene temporal expression and expression levels during fruit development  
 
 
3.4. Over-expression of ASR mediated by Agrobac- 
terium in strawberry fruit  
The Agrobacterium contained plasmid pBI121 and 
pBI121-FaASR were injected into large green of strawberry fruit 
(13 days after anthesis). Seven days later, a part of the fruit 
contained Agrobacterium pBI121 (control) injection fruit 
colored, however, injection of pBI121-FaASR all changed into 
colored fruits. Fourteen days later, the rate of fruit coloring was 
90% under control, while FaASR over-expression fruit all  
colored uniformly (Fig. 5).  
The further analysis showed that in the strawberry fruit 
over-expression of FaASR induced the FaASR expression 
upregulated to more than one fold than the control (Fig. 6), 
indicating that FaASR over-expression can promote fruit 
coloring in advance. The analysis of anthocyanin content 
showed that anthocyanins content in pBI121-FaASR fruit was 
higher than the control fruit of pBI121 (Fig. 7, A). FaASR 
over-expression also promoted fruit softening, which decreased 
the fruit hardness (Fig. 7, B). Meantime changes in FaASR 
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Fig. 5  Strawberry fruit development after Agrobacterium infection 
 
gene expression also influenced the ABA and sucrose content in 
strawberry fruit (Fig. 7, C, D). Molecular analysis showed that 
the genes expression levels of CHS and UFGT increased in 
FaASR over-expression fruit, these two genes play a key role in 
the anthocyanin synthesis, whose expression levels upregulation 
can lead to increase in anthocyanin content (Fig. 6, P < 0.05). 
Therefore, ASR could promote anthocyanin accumulation 
through regulation anthocyanin related genes, and influence the 
fruit ripening process. Thus, ASR has a significant role in fruit 
coloring and ripening.  
 
 
 
 
 
 
 
 
 
 
Fig. 6  Effects of FaASR gene over-expression on fruit molecular levels 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7  Effects of FaASR gene over-expression on fruit physiological index (P < 0.05) 
Over-expression of Gene FaASR Promotes Strawberry Fruit Coloring                                                          153 
 
4. Discussion 
Strawberry is non-climacteric fruit, there is no significant 
respiratory peak recorded during ripening process, and ethylene 
production is very lower (Manning, 1998; Chervin et al., 2004). 
Studies have indicated that ASR protein is regulated by ABA 
and sucrose, which lays an important foundation for the study of 
non-climacteric fruit development (Cakir et al., 2003; Pia and 
Fernando, 2014). 
Presently, ASR proteins have been isolated from a number 
of plant species, but there is no homology with the ASR protein 
in the model plant Arabidopsis thaliana. According to the ASR 
gene sequence of other species, ASR gene was isolated from 
strawberry that encodes a protein related to others contain 
ABA/WDS region and nuclear signal location. In addition, ASR 
protein was also found in the cell nucleus, and partly in the 
cytoplasm (Cakir et al., 2003; Chen et al., 2011). 
ASR proteins participate in mediating plant response to 
environmental and developmental processes, including 
senescence, fruit ripening, pollen maturation and glucose 
metabolism. It also involves in various responses to biotic and 
abiotic stresses mediated by ABA, and act downstream of ABA 
and sugar signal transduction pathway. ABA involves in the 
various stages of plant development, including fruit ripening, as 
well as promotes fruit sucrose accumulation, improves fruit 
coloring and increases the activities of phenylalanine (PAL) 
ammonia solution (Jia et al., 2011). Sucrose can also be used as 
a signal component to improve fruit coloring, and accelerate 
fruit ripening (Jia et al., 2013). It is quite significant to 
understand the mechanism of fruit development that the 
revealing of ASR function as the downstream of ABA and 
sucrose signal component. In this study, the expression of ASR 
gene was gradually increased during the development of 
strawberry fruit, consistent with findings of Chen et al. (2011). 
The expression of ASR was relatively higher in strawberry fruit 
and flowers. With the development of fruit, the content of ABA, 
sucrose and anthocyanin in strawberry increased gradually, 
while the fruit firmness decreased. This physiological changes 
marked the maturity of the fruit. The expression of ASR gene 
was positively or negatively correlated with these physiological 
parameters, which positively correlated the developmental 
process of fruit, this indicated that ASR might be involved in the 
fruit development. The expression of ASR could be promoted by 
sucrose or ABA treatment in strawberry (Chen et al., 2011). 
Both ABA and sucrose were important factors for strawberry 
fruit ripening (Jia et al., 2011). These findings indicated that 
ASR could cooperate with ABA and sucrose to participate in the 
ripening process of strawberry fruit. 
Although some studies proposed that ASR is involved in 
various stages of development, including fruit ripening, but 
these studies mainly focused on the gene expression level, and 
there is no evidence to suggest that ASR is involved in fruit 
ripening. For further analysis of ASR protein function in 
strawberry fruit development, the transient transgenic system of 
strawberry was used to positively regulate the expression of 
ASR gene. It showed that the expression of ASR gene in 
strawberry fruit could promote the early coloring of strawberry 
fruit, and affect the anthocyanin accumulation. Anthocyanin 
content accumulation can accelerate the fruit coloring, and the 
degree of fruit coloring is an important index of fruit ripening. 
Meanwhile, firmness was decreased, which revealed that fruit 
attained maturity. The fruit cell wall began to degrade, and 
accompanied with the emergence of aroma substances (Jia et al., 
2013).  Aroma is derived from the increase of sugar, thus 
sucrose content also increased followed by ASR over-expression. 
As an important factor in the regulation of strawberry fruit 
development, ABA increased in FaASR over-expression fruit, as 
well as sucrose, which promotes the development of fruit 
ripening and the expression level of ASR. The existence between 
ABA and sugar and ASR feedback positively in regulation of 
fruit development and ripening. In addition to physiological 
indexes variation, the researches at molecular levels also 
indicated that over-expression of ASR increased the expression 
level of endogenous ASR, resulting in the accumulation of more 
ASR protein, and then affecting the expression of the key 
enzymes CHS and UFGT, which play an important role in 
anthocyanin biosynthetic pathway. So the influenced 
anthocyanin accumulation affected the ripening process of 
strawberry fruit. 
In conclusion, as a downstream component of ABA and 
sucrose signaling pathway, ASR plays an important role in the 
regulation of strawberry fruit development and ripening. The 
revealing of ASR function can provide significant ideas for 
strawberry breeding. 
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